Background {#Sec1}
==========

Malaria is a deadly vector-borne disease in tropical and subtropical regions, with 216 million malaria cases and 445,000 deaths reported in 2016 worldwide \[[@CR1]\]. In Vietnam, 14,941 confirmed malaria cases were recorded in 2014 \[[@CR2]\], while neighboring China is on-track to eliminate malaria by 2020 \[[@CR3]\]. One major obstacle to elimination is the importation of malaria parasites in infected travelers which was seen in returning workers from Africa and Southeast Asia \[[@CR3]\]. Furthermore, frequent population movement across the China-Vietnam border is a factor that poses a risk of malaria transmission and re-emergence, particularly in the adjacent Province of Guangxi. Considering that vector control remains a key strategy in malaria prevention and that its efficacy is threatened by the increasing resistance of vectors to available insecticides, there is a need to assess the actual occurrence of insecticide resistance-associated genetic mutations in Guangxi *An. sinensis* along the China-Vietnam border.

Carbamate (CM) and organophosphorate (OP) insecticides target insect acetylcholinesterases (AChEs). These insecticides interfere in the normal neurotransmission of insects through inhibiting the activity of AChE \[[@CR4]--[@CR6]\]. Related studies have demonstrated that G119S substitution in AChE (AChE-G119S) is associated with insect resistance to OP and CM \[[@CR7]--[@CR11]\]. Recent surveys have revealed that the G119S occurs at high frequencies in many field populations of *An. sinensis* in Asia \[[@CR12], [@CR13]\].

Insect voltage-gated sodium channels (VGSC) are the targets of a variety of insecticides including pyrethroid (PY) and organochlorine (OC) insecticides \[[@CR14]--[@CR16]\]. It has been characterized that point mutations can reduce the sensitivity of VGSCs to insecticides, thus leading to insecticide resistance \[[@CR15]\]. Several conserved insecticide resistance-related amino acid substitutions have been documented, such as leucine (L) to phenylalanine (F) at the 1014th amino acid of VGSC \[[@CR17]\]. L1014F is the most common mutation in VGSC in anopheline mosquitoes in Africa, Asia and America. In addition to 1014F, other two mutations (1014S and 1014C) were detected in *An. sinensis* from Asia, including China \[[@CR16], [@CR18]--[@CR20]\]. Interestingly, *kdr* frequencies in samples from western Guangxi of China were low, while those in samples from northeast Guangxi were high \[[@CR20]\]. 1014S was also present in *An. sinensis* samples from southern Vietnam \[[@CR21]\].

In this study, insecticide resistance conferring mutations in *ace-1* (encoding AChE) and *vgsc* genes were investigated in *An. sinensis* adult samples collected from seven sites in Guangxi along the China-Vietnam border. In addition, the possible evolutionary origin of *kdr* haplotypes was analyzed.

Methods {#Sec2}
=======

The seven sample-collecting sites were located in different villages of Guangxi near the Chinese-Vietnamese border (Fig. [1](#Fig1){ref-type="fig"}). Rice is the main crop planted in these villages. The large area of rice field provides an excellent environment for mosquito breeding. The local residents usually use mosquito nets and sometimes mosquito coils (containing S-bioallethrin or prallethrin) to prevent mosquito bites. The commonly used insecticides for rice pest control in these areas are diamides (e.g. chlorantraniliprole), neonicotinoids (e.g. imidacloprid) and organophosphorates (e.g. acephate and dimethoate).Fig. 1Distribution and frequency of *ace* and *kdr* alleles in *An. sinensis* populations along the China-Vietnam border. *Abbreviations*: NPPM, Pingmeng, Napo County; JXXW, Xinwei, Jingxi County; JXTD, Tongde, Jingxi County; DXEC, Encheng, Daxin County; LZSK, Shuikou, Longzhou County; PXSS, Shangshi, Pingxiang County; FCGDX, Dongxing town, Fangchenggang City

*Anopheles sinensis* adults used in the study were caught by light trap (wave length 365 nm) between April 2015 and August 2017 at seven sites. At each sampling site, three houses were equipped with a light trap (one trap per house). The distance between houses was more than 50 m. The light trap was placed in the bedroom (1.5--2.0 m above the ground). The mosquitoes trapped from 19:00 h to 7:00 h for consecutive three days from each site were pooled, morphologically identified \[[@CR22]\], and kept in 100% ethanol at 4 °C. Up to 33 *An. sinensis* were used for genotyping from each trapping effort.

The genomic DNA of individual mosquitoes was isolated according to the protocol described by Rinkevinch et al. \[[@CR23]\]. Genotyping of codon 119 of *An. sinensis ace-1* gene was done by PCR-RFLP \[[@CR12]\]. The frequency of the G119S mutation in each collection was recorded. Hardy-Weinberg equilibrium (HWE) was tested using the online software GENEPOP v.4.2 \[[@CR24], [@CR25]\].

A fragment encompassing nucleotides corresponding to codon 1014 was amplified by PCR \[[@CR20]\]. The PCR product from each individual was directly sequenced. Data from each sequencing was checked and cleaned manually. All confirmed DNA sequences were aligned using the Muscle programme in Mega v.6.0 \[[@CR26]\], and polymorphic sites were identified (Fig. [2](#Fig2){ref-type="fig"}). The haplotypes of heterozygotes were clarified by T-A cloning (Transgen Biotech, Beijing, China) followed by clone sequencing (TSINGKE Biotech, Beijing, China). Network v.5.0 was used to analyze the evolutionary origin of *An. sinensis vgsc* haplotypes \[[@CR27]\].Fig. 2The nucleotide region of *An. sinensis vgsc* gene addressed in this study. Dots indicate the polymorphic sites (PS) in the obtained sequences. The red dots represent sites leading to nonsynonymous mutations. The positions of PS in the 255 bp sequence are numbered below the dots. The nucleotides for each PS are given

Results {#Sec3}
=======

The distribution and frequency of *ace-1* genotypes {#Sec4}
---------------------------------------------------

The G119S allele was detected at frequencies ranging from 0.61 to 0.85 in the seven populations (Fig. [1](#Fig1){ref-type="fig"}). The three possible individual genotypes were observed, and all genotypes were detected to agree with Hardy-Weinberg equilibrium (Table [1](#Tab1){ref-type="table"}). Notably, the susceptible homozygotes (119GG) were rare: no susceptible homozygote was detected at DXEC, LZSK and FCGDX, and the frequencies of 119GG were less than 0.10 at the other four sites (Table [1](#Tab1){ref-type="table"}).Table 1Frequency of *Ace-1* genotypes in seven *An. sinensis* populations along the China-Vietnam borderSite*n*FrequencyHardy-Weinberg equilibrium test (*P*-value)GGGSSSProbability testHeterozygote excessHeterozygote deficiencyNPPM28113140.6340.3610.923JXXW2321470.3770.2120.957JXTD26115100.1970.1480.980DXEC31011200.5530.3421.000LZSK2909201.0000.4791.000PXSS32219110.1480.1190.978FCGDX33014190.3000.1751.000*Abbreviations*: *NPPM* Pingmeng, Napo County, *JXXW* Xinwei, Jingxi County, *JXTD* Tongde, Jingxi County, *DXEC* Encheng, Daxin County, *LZSK* Shuikou, Longzhou County, *PXSS* Shangshi, Pingxiang County, *FCGDX* Dongxing town, Fangchenggang City

Sequence polymorphisms of *An. sinensis vgsc* gene {#Sec5}
--------------------------------------------------

Thirteen nucleotide polymorphic sites (PS) were identified from the 255 bp DNA fragments individually amplified from a total of 208 mosquitoes (Fig. [2](#Fig2){ref-type="fig"}). The 1st to 3rd PSs were located on exon 19, the 4th to 11th PSs on intron 19, and the 12th and 13th PSs on exon 20. The polymorphisms in 2nd and 3rd PSs resulted in amino acid substitutions (L/F/S) at codon 1014, and the nucleotide variations in 1st, 12th and 13th PSs represented synonymous mutations (Fig. [2](#Fig2){ref-type="fig"}).

The distribution and frequency of *kdr* genotypes {#Sec6}
-------------------------------------------------

Three *kdr* genotypes (1014LL, 1014LF and 1014LS) were identified from the samples (Table [2](#Tab2){ref-type="table"}). The frequencies of the susceptible homozygotes (1014LL) ranged from 0.79 (FCGDX) to 1.00 (JXXW). The resistant heterozygote 1014LS was detected at six sites at frequencies ranging from 0.07 to 0.16, while the other resistant heterozygote 1014LF was found only at FCGDX at a frequency of 0.06 (Fig. [1](#Fig1){ref-type="fig"}). No significant deviation from HWE for the 1014 genotypes was observed in all the seven populations (Table [2](#Tab2){ref-type="table"}).Table 2Frequency of *kdr* genotypes in seven *An. sinensis* populations along the China-Vietnam borderSite*n*FrequencyHardy-Weinberg equilibrium test (*P*-value)LLLFLSProbability testHeterozygote excessHeterozygote deficiencyNPPM2825031.0000.9471.000JXXW262600------JXTD2725021.0000.9811.000DXEC3128031.0000.9521.000LZSK3126051.0000.8391.000PXSS3229031.0000.9491.000FCGDX3326251.0000.7081.000*Abbreviations*: *NPPM* Pingmeng, Napo County, *JXXW* Xinwei, Jingxi County, *JXTD* Tongde, Jingxi County, *DXEC* Encheng, Daxin County, *LZSK* Shuikou, Longzhou County, *PXSS* Shangshi, Pingxiang County, *FCGDX* Dongxing town, Fangchenggang City

Diversity and frequency of *kdr* haplotypes {#Sec7}
-------------------------------------------

Eighteen *kdr* haplotypes were identified from the 208 *An. sinensis* individuals (Table [3](#Tab3){ref-type="table"}). Among them, six haplotypes (i.e. 1014L15, 1014L16, 1014L17, 1014L18, 1014S5 and 1014S6) were new records.Table 3*kdr* haplotypes and their frequencies in seven *An. sinensis* populations along the China-Vietnam borderHaplotypePolymorphic sitesGenBank IDFrequencyNPPMJXXWJXTDDXECLZSKPXSSFCGDX1014L1CTGACGCTGCTCCKY014584.10.2140.1730.3330.2740.1940.1560.2731014L2CTGACGCCGCCTCKY014585.10.4820.5190.3890.4350.2100.3130.2421014L3CTGACTCCGCCTCKY014586.10.0890.1920.1110.0810.3550.2500.0611014L4CTGACTCTGCCTCKY014587.10.0180.0480.0160.0630.0451014L5GTGACGCCGCCTCKY014588.10.0180.0190.0190.0320.0780.0151014L6CTGTCGCCGCCTCKY014589.10.0360.0580.0370.0160.0160.0160.0761014L7CTGACGCTGCCCCKY014590.10.0160.0160.0161014L8CTGATGCCGCCTCKY014591.10.0540.0190.0370.0480.0480.0470.1521014L10CTGACGCTGCCTCKP763768.10.0180.0190.0161014L15^a^CTGACGCTGATCCThis study0.0190.0160.0160.0160.0151014L16^a^CTGACTTCGCCTCThis study0.0190.0161014L17^a^TTGACGCTGCCCTThis study0.0151014L18^a^CTGACGCCTCCTCThis study0.0181014F1CTTACGCTGCTCCKY014598.10.0301014S2CCGACGCCGCCTCKY014594.10.0360.0370.0320.0810.0470.0451014S3CCGACTCCGCCTCKY014595.10.0180.0161014S5^a^CCGACGCTGCTCCThis study0.0151014S6^a^CCGTCGCCGCCTCThis study0.015Haplotypes with a GenBank number were previously described in Yang et al. \[[@CR20]\]^a^Newly identified haplotypes

The geographical distribution of *kdr* haplotypes was varied in the *An. sinensis* populations along the China-Vietnam border (Table [3](#Tab3){ref-type="table"}). Seven (JXXW) to 13 (FCGDG) haplotypes were detected within these populations. Of the 13 susceptible haplotypes, 1014L1, 1014L2, 1014L3, 1014L6 and 1014L8 were widely distributed at the seven sites, and 1014L1, 1014L2 and 1014L3 represented the most prevalent haplotypes. Interestingly, the newly identified susceptible haplotypes, 1014L17 and 1014L18, were uniquely distributed at FCGDX and NPPM, respectively, at a low frequency (0.02).

Four 1014S (1014S2, 1014S3, 1014S5 and 1014S6) haplotypes were identified in this study (Table [3](#Tab3){ref-type="table"}). The haplotype 1014S2 had higher frequencies and was more widely distributed than other 1014S haplotypes. The two newly identified 1014S haplotypes (1014S5 and 1014S6) and 1014F1 were only detected at FCGDX.

Evolutionary origin of 1014S haplotypes {#Sec8}
---------------------------------------

Network analysis showed that 1014S2, 1014S3 and 1014S6 were derived from 1014L2, 1014L3 and 1014L6, respectively, while both 1014S5 and 1014F1 evolved from 1014L1 through only one mutational step (Fig. [3](#Fig3){ref-type="fig"}). Notably, both 1014F1 and 1014S5 were detected only at FCGDX (Table [3](#Tab3){ref-type="table"}).Fig. 3The network of *kdr* haplotypes identified in *An. sinensis* populations along the China-Vietnam border. White solid, black and grey circles represent 1014L, 1014F and 1014S haplotypes, respectively. The size of each circle is proportional to its corresponding frequencies. The number in brackets represents intron type

Discussion {#Sec9}
==========

For all seven field populations of *An. sinensis* collected in Guangxi along the China-Vietnam border, the frequencies of the resistant 119S allele were high. This result supports the published literature indicating that the G119S mutation is widely distributed in Guangxi \[[@CR12]\]. The high frequency of the 119S allele indicates a strong risk of resistance to OP and CM in these regions (unfortunately no OP or CM bioassay data are available to test this indication). Historically, OPs have been used for pest control in China since 1950s and, as such, the high occurrence of the G119S may be a consequence of the long-term use of OP in agriculture. The observations that all *ace-1* genotypes did not deviate from HWE (Table [1](#Tab1){ref-type="table"}) and that the resistant allele was present at a high frequency within the seven populations imply that mosquitoes carrying the G119S mutation may suffer no fitness cost under current natural conditions, or the cost mediated by G119S substitution may possibly be offset by unknown fitness modifiers.

Two different *kdr* mutations (1014S and 1014F) were identified in this study (Table [2](#Tab2){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). These insecticide resistance-associated mutations occurred in heterozygous forms and at very low frequencies in these areas. Interestingly, the 1014C mutation, which is widespread and present at relatively high frequencies in northeast Guangxi \[[@CR20]\], was not detected in this survey. In addition, 1014F1, which is widely distributed in several provinces of China including Guangxi \[[@CR20]\], was detected only at FCGDX. By contrast, the 1014S allele was widely distributed along the border. The distinct distribution of the 1014S allele is likely a consequence of independent mutational events in different geographical locations. The distribution pattern observed in this study is consistent with previous observations showing that the frequency of *kdr* mutations decreases towards south and west from northeast \[[@CR18]--[@CR20], [@CR28]--[@CR30]\].

The present study demonstrates the geographical heterogeneities of *kdr* haplotypes and the presence of location-specific haplotypes (Table [3](#Tab3){ref-type="table"}). For example, the haplotypes 1014S5 and 1014S6 were only detected in FCGDX. Furthermore, the genealogical analysis of *vgsc* haplotypes suggests that the 1014S2, 1014S3 and 1014S6 may have evolved from 1014L2, 1014L3 and 1014L6, respectively, adding support to the hypothesis that *kdr* mutations do not have a single origin \[[@CR20]\]. Multiple origins of *kdr* mutations have also been documented in several other insect species \[[@CR31], [@CR32]\].

In the remote villages studied, no regular vector control programme has been implemented. The lack of pyrethroid selection pressure on the mosquito populations may explain why all *vgsc* alleles exhibit HWE, and why *kdr* is rare (Table [2](#Tab2){ref-type="table"}). A recent preliminary survey indicated no loss of susceptibility to deltamethrin in *An. sinensis* adults collected from sampling sites same as in this study (conducted in June to August 2018 using the contact bioassay protocol recommended by China CDC, Dr. Fengxia Meng; personal communications). Based on the findings in this study, we suggest that pyrethroids remain suitable for use against *An. sinensis*. Noting that a strong insecticide resistance management programme should be implemented to maintain the susceptibility of *vgsc* alleles, it is recommended that the application of pyrethroids should not be taken as the sole measure for vector control and should be used in rotation or alongside insecticides with alternative modes of action.

Conclusions {#Sec10}
===========

High frequencies (0.61--0.85) of the G119S mutation in AChE and low frequencies of *kdr* mutations (0.00--0.11) were detected in *An. sinensis* populations along the China-Vietnam border. 1014S was the most common *kdr* mutation in these areas. Network analysis revealed that the 1014S mutation did not have a single origin. The data suggest that the vector control authorities should be cautious when considering carbamates and organophosphates as control agents. Instead, pyrethroids are suitable for *An. sinensis* control in these regions.
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